In this study, we show that HuR destabilizes p16 INK4 mRNA. Although the knockdown of HuR or AUF1 increased p16 expression, concomitant AUF1 and HuR knockdown had a much weaker effect. The knockdown of Ago2, a component of the RNA-induced silencing complex (RISC), stabilized p16 mRNA. The knockdown of HuR diminished the association of the p16 3 untranslated region (3UTR) with AUF1 and vice versa. While the knockdown of HuR or AUF1 reduced the association of Ago2 with the p16 3UTR, Ago2 knockdown had no influence on HuR or AUF1 binding to the p16 3UTR. The use of EGFP-p16 chimeric reporter transcripts revealed that p16 mRNA decay depended on a stem-loop structure present in the p16 3UTR, as HuR and AUF1 destabilized EGFP-derived chimeric transcripts bearing wild-type sequences but not transcripts with mutations in the stem-loop structure. In senescent and HuR-silenced IDH4 human diploid fibroblasts, the EGFPp16 3UTR transcript was more stable. Our results suggest that HuR destabilizes p16 mRNA by recruiting the RISC, an effect that depends on the secondary structure of the p16 3UTR and requires AUF1 as a cofactor.
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HuR, the ubiquitously expressed member of the Hu RNAbinding protein family, has been broadly shown to stabilize various mRNAs, including those that encode cell cycle regulators like p21 CIP1 and cyclins A, B1, D1, and E (10, 18, 35, 36) , proliferation-associated proteins such as c-fos (2) , and factors controlling tumor growth, such as vascular endothelial growth factor (VEGF), COX-2, ␤-actin, tumor necrosis factor alpha (TNF-␣), interleukin-6 (IL-6), and IL-8 (6, 7, 21, 33) . Besides stabilizing target mRNAs, HuR also acts as an important regulator of the translation of several target mRNAs (e.g., those encoding MKP-1, p53, prothymosin ␣, HIF-1␣, p27, Wnt5a, and IGF-IR [9, 16, 17, 19, 20, 25, 26] ) or their nuclear export (e.g., those encoding CD83, COX-2, and c-fos [4, 11, 13] ).
The molecular distinction between HuR's influence as a stabilizing factor for some target mRNAs and a factor that modulates the translation of other target mRNAs is not understood in detail. It is well accepted that HuR binds to mRNAs bearing U-rich or AU-rich elements (AREs), which typically are present in their 3Ј untranslated regions (3ЈUTRs) (3, 23, 27, 31) . The secondary structure also is important for the interaction of HuR with target mRNAs. For example, in almost all mRNAs reported to be HuR targets, a 17-to 20-base-long RNA motif rich in uracils is present in the 3ЈUTR. This HuR motif forms a specific secondary structure and is conserved in Ͼ50% of human and mouse homologous genes (22) . Besides the sequence of the target mRNA, the function of HuR could be influenced by other regulatory factors involved in posttranscriptional regulation. For example, AUF1 appears to antagonize HuR function under certain conditions, as both proteins bind to and compete for the binding of mRNAs such as those that encode cyclin D1 and ATF3 (18, 29) . Recently, HuR has been described to recruit the microRNA (miRNA) let-7 to the 3ЈUTR of c-Myc mRNA and repress c-Myc translation (15) . Interestingly, the effect of HuR and let-7 on c-Myc translation is interdependent, as HuR requires let-7 to repress c-Myc translation and vice versa.
The contribution of mRNA turnover in replicative senescence is becoming increasingly apparent. Our previous studies showed that HuR stabilized mRNAs encoding cyclin A, cyclin B1, c-fos, and SIRT1 during replicative senescence (1, 36) . In addition, HuR levels were markedly reduced in human fibroblasts undergoing replicative senescence and were modestly reduced in cultured skin fibroblasts from elderly individuals. As a result, the half-lives of the aforementioned HuR target mRNAs were lower in senescent cells. The overexpression of HuR delayed the process of replicative senescence, whereas the knockdown of HuR accelerated senescence. In another study, we identified a region within the 3ЈUTR of the p16 mRNA that confers transcript instability in early-passage human diploid fibroblasts (37) . AUF1 was discovered to bind this instability region and promoted p16 mRNA decay, thereby influencing cell senescence.
In the present study, we have identified a common binding site for HuR and AUF1 in the p16 3ЈUTR. Unexpectedly, the interaction of HuR with p16 mRNA reduced p16 mRNA stability. Instead of binding to targets competitively and having opposite functions, HuR and AUF1 showed an interdependent interaction, and each destabilized the p16 mRNA. A stem-loop structure localized within the p16 3ЈUTR was required for HuR and AUF1 function. Our results indicate that the fate of p16 mRNA (stabilization or destabilization) depends on the secondary structure in its 3ЈUTR and on the interaction between HuR and AUF1.
GUAA (B3), CCAUUUAUAUCAUAAAAAUAUUAUUCUUAUAAAAAU GUAA (B4), and CCAUUUAUAUCAUUUUUAAAAAAUUCUUUUUAA AAUGUAA (B3⌬) by overlapping RT-PCR. To generate fragments B5 (positions 857 to 952) and B6 (positions 953 to 1053), primer pairs (T7)AGAA AATAGAGCTTTTAAAAATGTCCTG and AATATATAAAAAATGATA TAAA and (T7)CTTATAAAAATGTAAAAA and CCACATGAATGTGCGC TTAG were used. The full-length 3ЈUTR of p21 was generated as described previously (35) . For biotin pulldown assays, PCR-amplified DNA was used as the template to transcribe biotinylated RNA by using T7 RNA polymerase in the presence of biotin-UTP, as described previously (37) . One microgram of purified biotinylated transcripts was incubated with 100 g of cytoplasmic extracts for 30 min at room temperature. Complexes were isolated with paramagnetic streptavidin-conjugated Dynabeads (Dynal, Oslo), and the pulldown material was analyzed by Western blotting.
For UV cross-link RNP IP assays, cells were exposed to UVC (400 mJ/cm 2 ), and cytoplasmic extracts were prepared for immunoprecipitation using monoclonal anti-HuR, anti-Ago2, and polyclonal anti-AUF1 antibodies, as described by López de Silanes et al. (22) . The IP materials were washed twice with stringent buffer (100 mM Tris-HCI, pH 7.4, 500 mM LiCI, 0.1% Triton X-100, 1 mM dithiothreitol [DTT], 2 g/ml leupeptin, 2 g/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride) and twice with the IP buffer (22) . The mRNA in RNP was analyzed by real-time qPCR. IP assays were performed using the cytoplasmic extracts from HeLa cells, as described previously (15) .
Knockdown of HuR, AUF1, Ago2, Dicer, and Drosha. To transiently silence HuR or AUF1, cells were transfected with vectors expressing shHuR (pSuper.retro-HuR) or shAUF1 (pSilencer-AUF1) by Lipofectamine 2000 (Invitrogen) by following the manufacturer's instructions. To transiently silence Ago2, Dicer, and Drosha, small interfering RNAs (siRNAs) targeting Ago2 (GCACGGAAGUCCAUCUGAA TT), Dicer (AAGGCTTACCTTCTCCAGGCT), Drosha (AACGAGTAGGCTT CGTGACTT), or a control siRNA (UUGUUCGAACGUGUCACGUTT) were transfected by oligofectamine (Invitrogen) by following the manufacturer's instructions. Cells were collected 24 to 48 h after transfection for further analysis. All knockdowns exhibited less than 1% cell death (by fluorescence-activated cell sorting [FACS] 
analyses [data not shown]).
Constructs and mRNA half-life measurement. For the construction of vectors expressing Flag-HuR, the full-length coding region of HuR was amplified by PCR using Flag-tagged primer GGAATTCATGGACTACAAGGACGACGAT GACAAGTCTAATGGTTATGAA and primer GCTCTAGATTATTTGTGG GACTTGTTGG and inserted between EcoRI and XbalI sites of the pcDNA 3.1 vector (Clontech). For the construction of vectors expressing HuR or control short hairpin RNAs (shRNAs), oligonucleotides corresponding to shRNA targeting HuR (AAGAGGCAAUUACCAGUUUCA) or a control shRNA (AAG TGTAGTAGATCACCAGGC) were inserted between the HindIII and BglII sites in the pSuper.retro (Oligoengine) vector by following the manufacturer's instructions. The plasmid expressing AUF1 shRNA (pSilencer-AUF1) was described previously (37) . For the construction of pTRE-d2EGFP-derived reporter plasmids, the p16 fragments depicted in Fig. 2B and 4B were amplified by PCR using the primers without the T7 promoter sequence, inserted into the pTREd2EGFP vector (Clontech) or pGL3 vector (for pGL3-B and pGL3-B4; Clontech), and confirmed by sequence analysis. To measure the half-life of endogenous p16 mRNA, the expression of p16 mRNA was shut off by adding actinomycin D (2 g/ml) into the cell culture medium, and total RNA was prepared at the times indicated and subjected to RT-qPCR analysis using p16-specific primers. To test the half-lives of the EGFP-p16 chimeric transcripts, HeLa cells stably transfected with the pTet-Off plasmid were further transfected with each of the EGFP-p16 fragment constructs. Twenty-four h later, the expression of the EGFP-p16 chimeric transcripts was shut off by the addition of doxycyclin (Dox; 1 g/ml), whereupon total RNA was prepared at the times indicated and the transcript half-lives were evaluated by real-time qPCR using EGFP-specific primers. Data were plotted as the means Ϯ standard deviations (SD) from five independent experiments, and the half-lives were calculated as previously described (37) .
RESULTS

HuR represses p16
INK4 expression by destabilizing p16 mRNA. The present study was prompted by the discovery that the modulation of HuR expression altered p16 levels. As shown in Fig. 1A and B by Western blotting, the expression of flag-HuR in HeLa cells reduced the level of p16 protein by ϳ76% on average (Fig. 1A, top and bottom) , whereas the knockdown of HuR increased p16 protein by ϳ7.3-fold on average (Fig. 1B, top and bottom) . These alterations were specific for p16, as neither the overexpression nor the knockdown of HuR influenced the levels of GAPDH. HuR has been described as a critical regulator of the turnover and translation of target mRNAs. To further address the mechanism underlying the repression of p16 by HuR, the levels of p16 mRNA in cells treated as described in Fig. 1A and B were assessed by RT-qPCR analysis. As shown in Fig. 1A (middle and bottom) , the overexpression of HuR reduced p16 mRNA levels by ϳ82% on average, whereas the knockdown of HuR increased p16 mRNA by ϳ6.7-fold on average (Fig. 1B , middle and bottom). As a control, neither the overexpression nor the knockdown of HuR altered the levels of GAPDH mRNA. These results suggested that HuR decreases the stability of p16 mRNA. To test this possibility, cells were exposed to actinomycin D (2 g/ml), and total cellular RNA then was prepared at the times indicated and subjected to real-time, quantitative PCR to assess the half-life of p16 mRNA. As shown in Fig. 1C , the half-life of p16 mRNA in flag-HuR-expressing cells was markedly shorter (ϳ2.1 h) than that observed in control vector-transfected cells (ϳ4.1 h). In contrast, the half-life of p16 mRNA in HuR-silenced cells was much longer (ϳ3.4 h) than that observed in control shRNA-expressing cells (ϳ1.9 h). These results supported the view that HuR destabilized the p16 mRNA.
The p16 3UTR interacts with HuR and confers HuR-dependent expression to a heterologous reporter. To test the ability of HuR to interact with p16 mRNA, biotinylated fragments of p16 mRNA [5ЈUTR and the coding region (CR), as well as the 3ЈUTR fragments A, B, and C ( Fig. 2A, upper) , and cytoplasmic extracts of HeLa cells were prepared and used for pull-down analysis as previously described (37) . As shown, fragments A and B interacted with cytoplasmic HuR, but fragments 5ЈUTR, CR, and C did not ( Fig. 2A, bottom) . In control pull-down analyses, none of the biotinylated RNA fragments interacted with GAPDH present in the cytoplasmic lysates. These results indicated that HuR was capable of associating with the p16 3ЈUTR.
To further test if the association of HuR with the p16 3ЈUTR affected the turnover of p16 mRNA, we constructed a series of EGFP-derived reporter constructs bearing the p16 fragments CR, FL (full-length 3ЈUTR), A, B, and C (Fig. 2B , upper, schematic). The half-lives of the encoded chimeric RNAs were tested using a transcriptional pulse strategy based on the Tetregulatory system as described previously (37) . HeLa cells stably transfected with the pTet-off plasmid were individually cotransfected with each of the EGFP-p16 vectors plus a vector expressing either HuR shRNA or control shRNA. Forty-eight h later, total RNA was prepared at the times indicated and subjected to real time-qPCR to assess the half-lives of the reporter transcripts. Parallel RT-qPCR analysis confirmed that , lysates were prepared to assess the levels of HuR, p16, and loading control GAPDH by Western blot analysis. (B) RNA isolated from cells described for panel A was subjected to RT-qPCR to assess the mRNA levels of p16 and loading control GAPDH. The Western blotting and RT-qPCR data are representatives of three or more experiments. Where indicated (bottom panels), the signals were quantified by densitometry and represented as means Ϯ SD from three independent experiments. (C) Cells described for panel A were exposed to actinomycin D (2 g/ml), whereupon the cellular RNA was isolated at the times indicated and subjected to real-time PCR to assess the half-life of p16 mRNA.
VOL. 30, 2010 HuR DESTABILIZES p16 mRNAthe knockdown of HuR induced the levels of EGFP-FL (ϳ9.5-fold) and EGFP-B (ϳ6.3-fold) chimeric mRNAs but not the levels of EGFP, EGFP-CR, EGFP-A, or EGFP-C mRNAs (Fig. 2B, bottom) . Importantly, as shown in Fig. 2C , the knockdown of HuR significantly extended the half-lives of EGFP-FL (ϳ3.6 h) and EGFP-B (ϳ3.2 h) compared to those observed in control shRNA-expressing cells (ϳ1.8 h for both EGFP-FL and EGFP-B). However, the half-lives of EGFP, EGFP-CR, EGFP-A, and EGFP-C chimeric transcripts were not influenced by HuR knockdown. Therefore, HuR is capable of interacting with the 3ЈUTR of p16 and destabilizing the EGFPp16 3ЈUTR chimeric transcripts. The secondary structure within the HuR interaction motif determines the function of HuR to destabilize p16 mRNA. Although HuR thus far is known as a stabilizer of target mRNAs, our data suggested that HuR had the opposite effect on p16 mRNA. To further address the mechanisms underlying this pathway of regulation, a series of small fragments of the p16 3ЈUTR, depicted in Fig. 3A , were transcribed in the presence of biotinylated UTP. RNA pulldown assays were performed by using these biotinylated transcripts and the cytoplasmic extracts of HeLa cells. The interaction of the full-length p16 3ЈUTR with HuR and AUF1 served as a positive control. As shown in Fig. 3B by Western blotting, HuR and AUF1 proteins were detected in the pulldown materials of fragments FL, E, G, H, and J but not those of fragments D and K. These results identified two HuR and AUF1 common interaction regions in the p16 3ЈUTR: one between positions 845 and 869 and the other between positions 929 and 960. Interestingly, AUF1 also was present in the pulldown materials of fragments F and I, which were not recognized by HuR, indicating that their affinities for different segments of the p16 3ЈUTR were not identical. Because the EGFP-A reporters did not respond to the knockdown of HuR and AUF1 ( Fig. 2C ; also see Fig. 6B ), we conclude that the HuR-and AUF1-responsive decay element of the p16 3ЈUTR was localized within positions 929 and 960. Upper panels, schematic representation of the p16 mRNA fragments prepared for biotin pulldown assays. Bottom panels, biotin pulldown assays using biotinylated fragments to detect bound HuR by Western blotting. A 5-g aliquot of whole-cell lysate (Lys.) and bound GAPDH were included. (B) Upper panels, schematic representation of the EGFP-p16 fragment reporters. HeLa cells stably transfected with the plasmid pTet-Off were cotransfected with each of the EGFP reporters (as depicted in the upper panels) plus a vector expressing either control or HuR shRNA. Forty-eight hours later, RNA was prepared and subjected to RT-qPCR to monitor the levels of the EGFP-p16 chimeric transcripts, using GAPDH mRNA as a loading control (bottom panels). (C) The transfections in Fig. 2B (bottom panels) were exposed to doxycyclin (Dox, 2 g/ml) to shut off the expression of the EGFP-p16 chimeric transcripts, whereupon the RNA was prepared at the times indicated and subjected to real-time qPCR to assess the half-lives of the EGFP-p16 chimeric transcripts.
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We next asked why HuR, instead of stabilizing p16 mRNA, promoted its decay. First, the analysis of the secondary structure of the HuR response element in the p16 3ЈUTR showed two possible stem-loop structures, SL1 and SL2, whose composition was partly shared (Fig. 4A) . SL1 is the predicted structure for HuR interaction (22) , but positions 931 and 935 spanned an AUUUA pentamer, a sequence frequently found in labile mRNAs (3, 23, 31) . To study if the AUUUA motif and SL1 or SL2 were important for HuR interaction and function, several mutants of fragment B (Fig. 4B , schematic) were generated by overlapping PCR, as described in Materials and Methods. These fragments (B to B6 and B3⌬) were prepared as biotinylated transcripts and used for RNA pulldown assays. As shown in Fig. 4C , the B1 mutant (wherein AUUUA was changed to UAAUA) completely lost the ability to interact with both HuR and AUF1. However, mutants B3 and B4, in which SL1 and SL2 structures were impaired, remained associated with HuR and AUF1. Likewise, the B6 fragment (positions 953 to 1053) lacking the AUUUA pentamer and the moiety in the 5Ј end of SL1 and SL2 structures did not interact with either HuR or AUF1. The fragment B5 (between positions 857 and 952), which deleted the moiety in the 3Ј end of SL1 or SL2, associated with HuR and AUF1. In contrast, the mutant B3⌬, bearing complementary mutations to completely repair the SL2 structure and partly repair the SL1 structure of B3, associated with HuR and AUF1. The B2 mutant specifically mutating on SL2 but not on the SL1 structure still interacted with HuR and AUF1. Interestingly, Ago2, an important RISC (RNA miRNA-induced silencing complex) component, exhibited binding similar to those of HuR and AUF1. These results suggest that the AUUUA region, but not the stem-loop structures (SL1 or SL2), is critically important for the interaction of p16 mRNA with HuR, AUF1, and Ago2.
We next studied the influence of the AUUUA motif as well as the SL1 and SL2 structure on the stability of EGFP-B chimeric transcripts. To this end, EGFP-derived reporters bearing the mutated or deleted fragment B (B1 to B6 and B3⌬) were constructed (Fig. 5A, schematic) . Each of these vectors was cotransfected with a vector expressing HuR shRNA or the AUF1 shRNA in pTet-off plasmid stably transfected HeLa cells. Forty-eight h later, the half-lives of these chimeric transcripts were assessed by real-time qPCR analysis. As shown in Fig. 5B (upper) , consistently with the result obtained in Fig. 2B and C, the knockdown of HuR increased the level of EGFP-B transcript. The half-life of EGFP-B chimeric transcript in HuR-silenced cells was markedly longer (ϳ3.4 h) than that observed in control shRNA-expressing cells (ϳ1.9 h) (Fig. 5B,  bottom) . Likewise, the knockdown of AUF1 increased the half-life of EGFP-B but not that of EGFP-A and EGFP-C transcripts (Fig. 6B) . As anticipated, because B1 and B6 were unable to interact with HuR and AUF1 (Fig. 4C) , both the levels and the half-lives of EGFP-B1 and EGFP-B6 chimeric transcripts were unaltered by HuR or AUF1 knockdown ( Fig.  5B and 6B) . However, the knockdown of HuR (Fig. 5B) or AUF1 (Fig. 6B) had no influence on the half-lives of EGFP-B2, EGFP-B3, EGFP-B4, and EGFP-B5 mRNAs, even though B2, B3, B4, and B5 were shown to interact with HuR and AUF1 (Fig. 4C ). It appears that SL2 is more important than SL1 for the destabilization of p16 mRNA by HuR or AUF1, since the fragments B3, B4, and B5 impaired both SL1 and SL2 structures but the B2 fragment specifically mutated the SL2 structure. Notably, the knockdown of HuR (Fig. 5B) or AUF1 (Fig. 6B) VOL. 30, 2010 HuR DESTABILIZES p16 mRNA 3879 structures of B3 and could rescue the destabilizing influence of HuR and AUF1 upon the EGFP-B3 chimeric transcript. Taken together, these results suggest that the function of HuR and AUF1 to destabilize p16 mRNA not only requires the association of HuR and AUF1 to p16 3ЈUTR but also depends upon the formation of the local hairpins. HuR and AUF1 interact with the p16 3UTR, recruit the RISC, and destabilize p16 mRNA in a cooperative manner. AUF1 was found to destabilize p16 mRNA (37) . The analysis of the half-lives of the EGFP-p16 3ЈUTR chimeric transcripts indicated that the AUF1-responsive element localizes within fragment B (Fig. 6B) , as does the HuR response element. Because AUF1 was reported to antagonize HuR in binding and regulating cyclin D1 and p21 mRNAs (18), we next asked whether HuR and AUF1 influenced each other's ability to affect the turnover of p16 mRNA. To answer this question, HeLa cells were transfected with vectors expressing HuR shRNA or AUF1 shRNA or were cotransfected with both vectors. Forty-eight hours later, Western blot and RT-PCR analyses were performed to assess the levels of p16 protein and mRNA, respectively. As shown in Fig. 7A , the knockdown of HuR (lane 2) or AUF1 (lane 3) increased p16 protein levels by ϳ5.9-or ϳ7.8-fold (on average), respectively. However, the concomitant knockdown of HuR and AUF1 (lane 4) only moderately induced p16 protein levels (ϳ1.8-fold, on average). Likewise, the knockdown of HuR or AUF1 individually elevated the levels of p16 mRNA on average by ϳ8.7-(lane 2) or ϳ8.4-fold (lane 3), and the joint knockdown of HuR and AUF1 only modestly induced the abundance of p16 mRNA (lane 4; ϳ2.2-fold, on average) (Fig. 7A) . The RISC was implicated in the translation and turnover of mRNAs targeted by RNA binding proteins (RBPs) and microRNAs (14, 15) . Because Ago2 was found to associate with fragment B (Fig. 4C) , we asked whether the RISC participated in the regulation of p16 mRNA turnover. Interestingly, the knockdown of Ago2 increased p16 protein and mRNA levels by ϳ3.4-and ϳ4.5-fold (on average), respectively (Fig. 7B) . The half-life of p16 mRNA was extended in cells with silenced Ago2 (ϳ3.6 h) compared to that of the control siRNA-transfected cells (ϳ2.9 h) (Fig. 7C) . Because of the competitive nature of the binding of HuR and AUF1 to p21 and cyclin D1 mRNAs (18), we studied whether HuR, AUF1, and Ago2 influenced each other's interaction with the p16 3ЈUTR. As shown by biotin pulldown analysis (Fig. 7D) , the knockdown of HuR not only reduced the association of HuR with fragments B and B4 but also reduced the binding of AUF1 and Ago2 with fragments B and B4 (left). Likewise, in AUF1-silenced cells, the association of HuR and Ago2 with fragments B and B4 was reduced (Fig.  7D, right) . In contrast to the individual knockdown of HuR or AUF1, the joint knockdown of HuR and AUF1 more strongly reduced the association of HuR, AUF1, and Ago2 with fragment B (Fig. 7E) . Additional evidence was obtained from the analysis of RNP; as shown in Fig. 7F , the knockdown of HuR reduced the levels of AUF1-and Ago2-bound pGL3-B chimeric transcript in RNP IP materials (left two graphs), and the knockdown of AUF1 reduced the HuR-and Ago2-bound pGL3-B transcript (right two graphs). On the other hand, although the knockdown of HuR or AUF1 reduced the association of Ago2 with pGL3-B transcript (Fig. 7D , E, and F), the knockdown of Ago2 did not affect the association of HuR and AUF1 with fragment B or B4, as shown by biotin pulldown (Fig. 8A ) and RNP IP (Fig. 8B) analyses. In contrast, in keeping with previous studies (18) , the knockdown of HuR increased the association of p21 3ЈUTR with AUF1, while the knockdown of AUF1 increased that with HuR ( Fig. 9A and B) . In coimmunoprecipitation assays using an antibody recognizing HuR, AUF1, or Ago2, we observed that HuR, AUF1, and Ago2 associated with each other in an RNA-dependent manner, as digestion by RNase A disrupted the interaction of HuR, AUF1, and Ago2 ( Fig. 10A and B) . To address if the interaction between Ago2/RISC and HuR (or AUF1) was dependent on microRNAs, HeLa cells were transfected with siRNA targeting Dicer or Drosha, and the expression of Ago2, HuR, AUF1, and p16 was monitored by Western blot analysis. As shown, the knockdown of either Dicer or Drosha failed to alter the levels of Ago2, HuR, AUF1, or p16 ( Fig. 11A and B, left) . In addition, the knockdown of Dicer or Drosha did not significantly influence the association of p16 fragment B with Ago2, AUF1, or HuR, as shown by biotin pulldown (Fig. 11A and B, right) and RNP IP analyses ( Fig. 11C and D) . Taken together, these results indicate that HuR and AUF1 interact with the p16 3ЈUTR, recruit the RISC in an RNA-dependent but miRNA-independent manner, and cooperatively destabilize p16 mRNA. The functional consequences on p16 mRNA decay, but not the association of HuR and AUF1 with the p16 3ЈUTR, requires the presence of structured hairpins. Impact of HuR-mediated p16 mRNA destabilization on the elevation of p16 in replicative senescence. We next tested if HuR affected p16 mRNA levels in replicative senescence. For this purpose, the human senescence model cell line IDH4 (36) (37) (38) was cotransfected with pTet-off and EGFP-B or EGFP-CR plasmid. After transfection, dexamethasone was removed from the medium for 3 days to induce cell senescence. This cell system ensured equal transfection efficiency between young and senescent cells, unlike other model cell lines for cell senescence (e.g., WI-38 and 2BS), which were not amenable to such experiments due to the uneven transfection rates between young and senescent cells. The rate of clearance (turnover) of FIG. 6 . SL1 or SL2 structure within the B fragment is required for AUF1 to destabilize the EGFP-B chemeric transcript. HeLa cells stably transfected with the pTet-Off plasmid were further transfected with a vector expressing AUF1 or control shRNA along with each of the EGFP-derived reporter vectors (Fig. 2B and 5A ). Twenty-four hours later, the levels of AUF1 were monitored by Western blot analysis (A) and the half-lives of the chimeiric transcripts were assessed as described in Materials and Methods (B).
VOL. 30, 2010 HuR DESTABILIZES p16 mRNAthe chimeric transcripts then was tested by the addition of doxycyclin (Dox). As shown in Fig. 12A by Western blotting, the levels of HuR (upper) and Ago2 (lower) were reduced by ϳ82 and ϳ92% in senescent cells (S) compared to that of young cells (Y). Consequently, the half-life of EGFP-B chimeric transcript was longer in senescent cells (ϳ5.6 h) than in young cells (ϳ2.7 h) (Fig. 12B, right) . In contrast, the half-life of EGFP-CR chimeric transcript was comparable between young and senescent IDH4 cells (Fig. 12B, left) . To further confirm the role of HuR and Ago2/RISC in the turnover of the p16 mRNA-derived chimeric transcript, the half-lives of EGFP-B and EGFP-CR chimeric transcripts were evaluated in HuR-and Ago2-silenced IDH4 cells. As shown in Fig. 12C , the knockdown of HuR reduced the protein level of HuR by ϳ90%. As a result, the half-life of EGFP-B transcript (Fig.  12D, right) , but not that of EGFP-CR transcript (Fig. 12D,  left) , was extended in HuR-silenced cells (ϳ4.8 h) compared to that observed in control shRNA-expressing cells (ϳ2.5 h). Likewise, the knockdown of Ago2 reduced Ago2 by ϳ85% (Fig. 12E ) and extended the mRNA half-life of EGFP-B (ϳ4.5 h) (Fig. 12F, right) , but not that of EGFP-CR (Fig. 12F, left) , compared to that observed in control siRNA-transfected cells Forty-eight h after transfection, whole-cell lysate and RNA were prepared and subjected to Western blotting and RT-qPCR analysis to assess the protein and mRNA levels of p16. GAPDH served as a loading control. (B) HeLa cells were transfected with siRNA targeting Ago2 (siAgo2, ϩ) or the control siRNA (siAgo2, Ϫ). Twenty-four hours later, whole-cell lysate and RNA were prepared and subjected to Western blotting and RT-qPCR to assess the protein and mRNA levels of p16. GAPDH served as a loading control. Where indicated, the Western blot and RT-qPCR signals were quantified by densitometry and are represented as means Ϯ SD from three independent experiments. (C) The half-life of p16 mRNA was assessed from the transfections in Fig. 7B , as described in Materials and Methods. (D) HeLa cells were transfected with a vector expressing HuR (left panels) or AUF1 (right panels) shRNA. Forty-eight hours later, cytoplasmic extracts were prepared for biotin pulldown assays using biotinylated p16 fragments B and B4. The bound HuR, AUF1, and Ago2 in the pull-down materials were detected by Western blotting. A 5-g aliquot of whole-cell lysate (Lys.), pulldown using CR fragment (Neg.), and bound GAPDH were included as controls. (E) Cytoplasmic extracts from cells described for panel A were subjected to biotin pulldown analysis using biotinylated p16 fragment B. The bound HuR, AUF1, and Ago2 in the pulldown materials were detected by Western blotting, as described for panel D. (F) HeLa cells were transfected with a vector expressing HuR (left panels) or AUF1 shRNA (right panels) along with pGL3-B reporter vector. Forty-eight hours later, UV cross-link RNP IP assays were performed using cytoplasmic extracts, as described in Materials and Methods. The AUF1-and Ago2-associated pGL3-B chimeric transcripts in HuR-silenced cells (left two panels) as well as the HuR-and Ago2-bound pGL3-B chimeric transcripts in AUF1-silenced cells (right two panels) were quantified by real-time PCR. Values represent means Ϯ SD from three independent experiments.
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(3.0 h) (Fig. 12F, right) . Therefore, the HuR-p16 regulatory pathway is of critical importance for the elevation of p16 in replicative senescence.
DISCUSSION
Over the past decade, much effort has been directed toward studying the function and mechanisms underlying RBP-regulated mRNA turnover. The binding motifs of several decayregulatory RBPs are characterized by the presence of U-or AU-rich elements (AREs). Interaction with the AREs enables RBPs to either stabilize or destabilize the mRNAs targeted. For example, tristetraprolin (TTP) destabilizes COX-2, IL-8, and gamma interferon (IFN-␥) mRNAs (28, 34, 39) ; AUF1 destabilizes cyclin D1, p21, and p16 mRNAs (18, 37) but stabilizes the TNF-␣ and parathyroid hormone (PTH) mRNAs (8, 32) . In contrast, HuR and other members of the Hu RNAbinding protein family, such as HuD and Hel-N1 (30), have been found to function exclusively on stabilizing target mRNAs. The present study describes an exceptional role for HuR as a protein that destabilizes the p16 mRNA (Fig. 1) . This function of HuR was further confirmed by using EGFPderived reporter constructs (Fig. 2B and C , 5B, and 12D).
HuR interacts with collections of target mRNAs and regulates their turnover, translation, and nuclear export. Among the numerous HuR target transcripts predicted by bioinformatics analysis (22) , only a small portion of them have been shown to be regulated by HuR. Given that different RNA-binding proteins may bind to the same target, the fate of certain target mRNAs (turnover, translation, etc.) may be determined by the interaction between these RBPs. For example, such was the case for AUF1 and HuR, which were shown to bind to the 3ЈUTR of p21 and cyclin D1 mRNAs on both distinct, nonoverlapping sites and on common sites in a competitive fashion. Consequently, HuR stabilized p21 and cyclin D1 mRNAs, but AUF1 destabilized both mRNAs (18) . However, instead of competitively interacting with target mRNAs such as p21 mRNA (Fig. 9 ), HuR and AUF1 show an interdependent association with the p16 3ЈUTR (Fig. 7D , E, and F). The different interaction modalities with target mRNAs ultimately determines whether HuR and AUF1 compete (e.g., p21 and cyclin D1) or cooperate (e.g., p16) (Fig. 2, 5 , and 6) in regulating mRNA turnover.
RBPs (e.g., TTP and HuR) have been found to influence the translation or turnover of mRNAs by targeting miR-16-or let-7-loaded Ago2/RISC onto certain mRNAs (14, 15) . The present study showed that Ago2/RISC also was involved in the regulation of p16, because the knockdown of Ago2 increased the expression and mRNA stability of p16 mRNA ( Fig. 7B and  C) . Although the underlying mechanism is unclear, HuR and AUF1 were found to recruit Ago2/RISC to the p16 3ЈUTR, as the knockdown of HuR or AUF1 reduced the association of Ago2 with the p16 3ЈUTR, whereas the knockdown of Ago2 had no influence on the association of HuR or AUF1 with the p16 3ЈUTR (Fig. 7D, 7E, 7F, and 8) . In light of the recent discovery that Ago2 can associate directly with many target mRNAs without microRNAs (5) and in vitro evidence that Ago2 binds the p16 3ЈUTR in an miRNA-independent manner FIG. 9. HuR and AUF1 competitively associated with the p21 3ЈUTR. The cytoplasmic extracts described in the legend to Fig. 7D were used for biotin pulldown assays using biotinylated p21 3ЈUTR. Bound HuR and AUF1 in HuR (A)-or AUF1 (B)-silenced cells were assessed by Western blotting. A 5-g aliquot of whole-cell lysate (Lys.) and bound GAPDH were included as controls. VOL. 30, 2010 HuR DESTABILIZES p16 mRNA 3883
( Fig. 11) , it is likely that Ago2 directly associates with p16 mRNA in the cell. Furthermore, HuR, AUF1, and Ago2/RISC interact with each other in an RNA-dependent manner, since they failed to show association in the cytoplasmic extracts preincubated with RNase A (Fig. 10) . Besides the U-rich or AU-rich elements, the secondary structure of mRNAs is of critical importance for the interaction of RBPs with target mRNAs. The HuR-bound mRNAs have been characterized by the presence of specific stem-loop structures within their binding motifs (22) . The secondary structure of p21 and TNF-␣ mRNAs has been reported to determine the mRNA destabilization by AUF1 (p37) (8) . Iakova et al. (12) reported that a stem-loop structure localized at the 5ЈUTR of p21 determined the competitive interaction of CRT and CUGBP1 with the p21 5ЈUTR and thereby affected the fate of p21 translation. The SL1 and SL2 stem-loop structures predicted by bioinformatic analysis in the p16 3ЈUTR (Fig. 4A) are not necessary for binding by AUF1 and HuR, since disrupting these structures did not influence the association of HuR or AUF1 with fragment B (Fig. 4C) . Because HuR and AUF1 could interdependently interact with either wild-type fragment B or its mutant (B4) (Fig. 7D, E, and F) , it is clear that the SL1 or SL2 structure is not a determinant for the interdependent interaction between HuR and AUF1. However, the SL1 or SL2 structure is indispensable for the interdependent function of HuR and AUF1 on destabilizing p16 mRNA, since the knockdown of HuR or AUF1 increases the half-life of EGFP-derived chimeric transcripts bearing SL1 or SL2 (EGFP-B) or similar (EGFP-B3⌬) structures but did not influence the turnover of transcripts in which the structures were disrupted (B2 to B6) ( Fig. 5 and 6 ). Apart from fragment B, there exists another common interaction motif for HuR and AUF1 in fragment A (within positions 845 and 869) (Fig. 3B) . Unlike fragment B, fragment A neither bears SL1-or SL2-like structures nor affects the turnover of p16 mRNA by HuR or AUF1 ( Fig. 2 and 6) . Therefore, the destabilization of p16 mRNA by HuR depends on the SL1 or SL2 structure in the p16 3ЈUTR and requires AUF1 as a cofactor.
In the process of replicative senescence, where numerous genes are elevated or reduced by altered mRNA turnover or translation, the role of HuR and other RBPs is becoming increasingly apparent. HuR has been described as a critical On the left, the levels of Dicer, Ago2, HuR, AUF1, and p16 were assessed by Western blot analysis of whole-cell lysates. GAPDH was used as a loading control. On the right, cytoplasmic extracts were prepared and subjected to biotin pulldown assays using biotinylated fragment B; bound Ago2, HuR, and AUF1 were detected by Western blotting, as described in the legend to Fig. 7D. (B) On the left, the levels of Drosha, Ago2, HuR, AUF1, and p16 were assessed by Western blot analysis using whole-cell lysates. GAPDH was used as a loading control. On the right, cytoplasmic extracts were prepared and subjected to biotin pulldown assays using biotinylated fragment B. The bound Ago2, HuR, and AUF1 were detected by Western blotting, as described in the legend to stabilizer of mRNAs encoding cell proliferative factors (cyclin A, cyclin B1, and c-fos) in cell senescence (36) . The present study provides evidence that HuR also functions in the destabilization of p16 mRNA, which inhibits cell growth and accelerates replicative senescence (Fig. 12) . Notably, HuR represses the translation of p27, an important cell growth-inhibitory gene (16) . In sum, our findings lend further support to
HuR's role in controlling the process of cell growth and senescence. 
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